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We identified a polyadenylated RNA species which contains the origin of human mitochondrial DNA
light-strand synthesis and the surrounding complementary sequences of the four light-strand-encoded tRNAs.
This RNA (RNA 9L) is probably derived from the leader portion of RNA 6 which is excised during the
formation of the mature cytochrome c oxidase subunit mRNA (RNA 9). The high degree of secondary structure
of this RNA is presumably responsible for its anomalous electrophoretic behavior in denaturing polyacrylamide
gels.
The tRNA punctuation model for RNA processing in
mammalian mitochondria proposes that the tRNA sequences
interspersed between the rRNA- and protein-coding se-
quences in the polycistronic transcripts of the mitochondrial
DNA (mtDNA) heavy (H) strand act as processing signals
for the formation of the rRNAs, mRNAs, and tRNAs (15,
16). The formation of cytochrome c oxidase subunit I (COI)
mRNA (RNA 9) represents an unusual situation in the
maturation of mRNAs in human mitochondria. This RNA is
not derived directly from processing of the primary tran-
script but rather is derived via an intermediate (RNA 6) (9,
15) by the removal of a 5' segment which is complementary
to the four tRNAs encoded in the light (L) strand and to the
template sequence for the initiation of L-strand synthesis (2)
(Fig. 1). Using a transcription system involving isolated
mitochondria, we identified an RNA species (designated
RNA 9L) which corresponds to the leader portion of RNA 6
and which also occurs in vivo. The in vivo accumulation and
properties of RNA 9L have given new insights into the
processing ofRNA in human mitochondria, at the same time
hinting at a possible physiological role of this RNA species.
Identification of the excised leader of COI mRNA (RNA 9L).
Transcription of mtDNA and RNA processing in isolated
HeLa cell mitochondria have been shown to faithfully repro-
duce the in vivo events (8). Figure 2 shows the autoradio-
graphic patterns of mRNAs which had been labeled in vivo
for 4 h with 32p, in the presence of 0.1 p.g of actinomycin D
per ml (12) (Fig. 2b) or in isolated organelles for 30 min with
[a-32P]UTP as a precursor (7, 8) (Fig. 2a), fractionated on
oligo(dT)-cellulose (15), and electrophoresed through 5%
polyacrylamide-7 M urea gels. Although the relative migra-
tion of the RNA species in this gel system was different from
that observed in a CH3HgOH-agarose gel system (1), the
components indicated have been identified by Si nuclease
mapping experiments (J. Montoya, G. Gaines, M. King, C.
Rossi, and G. Attardi, manuscript in preparation). Of special
interest are the three bands migrating in the region of RNA
17 (mRNA of subunit ND3 of NADH dehydrogenase [5]) in
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the in vitro-labeled RNA. These were also present in the in
vivo-labeled RNA, although in Fig. 2 they appeared much
less intense, owing to the shorter exposure of the autoradio-
gram (see below). The slowest-migrating band was retained
on oligo(dT)-cellulose and was. therefore, presumably
polyadenylated, while the two faster-migrating bands were
not retained. SI nuclease protection analysis with in vitro-
labeled RNA species eluted from the gel and an M13-cloned
mtDNA H-strand fragment containing a portion of the RNA
17-coding sequence showed that the two slowest-migrating
RNA species mapped in the region corresponding to RNA 17
and were, therefore, the polyadenylated and nonpolyadenyl-
ated forms of RNA 17 (designated 17b and 17u, respec-
tively). In contrast, the fastest-migrating RNA species ap-
peared to be unrelated to RNA 17 (data not shown). The size
of this RNA species (-320 nucleotides [nt]) suggested that it
might be the leader of COI mRNA excised from RNA 6.
Hence, a second S1 nuclease protection experiment was
performed with the M13-cloned mtDNA H-strand fragment
from the EcoRI site at position 5279 to the HindlIl site at
position 6208 (mpl9.HE2), which corresponds to the 3'-end-
proximal 233 nt of RNA 12, tRNATrp, and the 5'-end-
proximal 628 nt of RNA 6 (2, 15) (Fig. 1). The results of this
experiment clearly indicated that the RNA in question is an
H-strand transcript from the above-mentioned region. Fur-
ther SI nuclease protection experiments with the subfrag-
ments EcoRI-HpaI and HpaI-HindIII of the EcoRI-HindlIl
fragment (derived from the M13 clone mp8.HE2) (Fig. 1)
yielded 5'-end- and 3'-end-protected RNA fragments of 100
and 204 nt, respectively, showing that RNA 9L corresponds
precisely to the H-strand segment complementary to the four
tRNA genes surrounding the origin of L-strand synthesis
(Fig. 1 and data not shown). This RNA was therefore
designated 9L (for RNA 9 leader).
Anomalous electrophoretic behavior of RNA 9L. During the
mapping of RNA 9L, it was observed that RNA 9L migrated
much more slowly in a 10% polyacrylamide-7 M urea gel
than expected for its size. This was most clearly seen when
the mRNA was fractionated by bidimensional electrophore-
sis in denaturing gels, the first and second runs being done in
5 and 10% polyacrylamide-7 M urea gels, respectively. All
the components of the total in vitro-labeled RNA, including
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FIG. 1. Portion of the HeLa cell mitochondrial DNA genetic and transcription maps illustrating the COI gene region and the adjacent
regions (2). The mapping positions of the COI mRNA precursor (RNA 6) and of the mature COI mRNA (RNA 9) are shown, along with that
of RNA 9L, as determined in the present work by Sl nuclease mapping and primer extension experiments. In the lower part of the diagram,
the positions of the EcoRI-HpaI and HpaI-HindIII fragments (derived from the M13 clone mp8.HE2; see the text) used in the Si nuclease
protection analysis ofRNA 9L and the sizes of the protected segments expected for the leader of RNA 6 are shown. The maps also show the
3'-proximal portion of the gene for a subunit of NADH dehydrogenase (ND2; formerly URF2 [5]), the 5'-proximal portion of the gene for
cytochrome c oxidase subunit II (COIl), and the corresponding transcripts. OL, Origin of L-strand DNA synthesis.
RNAs 17b and 17u, migrated in the second dimension along
the diagonal, except RNA 9L, which migrated much more
slowly than expected (Fig. 3a). After fractionation of the in
vitro-labeled RNA by oligo(dT)-cellulose chromatography,'it
was found that the majority of the slower-migrating compo-
nent was in the unbound fraction (Fig. 3b, panels 2 and 4).
When RNA that had been labeled in vivo as in the experi-
ment in Fig. 2 and fractionated into oligo(dT)-cellulose-
bound and -unbound fractions was analyzed, the slower-
migrating component was also observed, with the majority,
however, in the bound fraction (Fig. 3b, panels 1 and 3). The
labeling of polyadenylated RNA 9L after a 4-h in vivo
exposure of the cells to 32P, was about one-half of that of
RNA 17b. This value was estimated from the intensities of
the bands in the 10% polyacrylamide-7 M urea gel in another
experiment in which a thick slice was cut from the RNA
17b-RNA 9L region of a 5% gel and the RNA was further
electrophoresed in a 10% gel (data not shown).
The anomalous behavior of RNA 9L in the 10% polyacryl-
amide-7 M urea gel persisted even after it was boiled for 5
min in 50 mM CH3HgOH, indicating that the unusual struc-
ture of RNA 9L withstood denaturation or reformed easily
upon removal of the CH3HgOH, despite the presence of 7 M
urea.
Structure of RNA 9L. Anomalous electrophoretic migra-
tion in denaturing polyacrylamide gels has been associated
with branched or lariat RNA structures (6, 17, 18). On the
other hand, the high degree of secondary structure expected
for RNA 9L could conceivably have been responsible for its
unusual electrophoretic properties. Several experiments
were done to examine the structure of RNA 9L. An
oligodeoxynucleotide (number 1) which is complementary to
a 22-nt segment ofRNA 9L between nt 120 and 141 from the
5' end of RNA 6 was synthesized (15) (Fig. 4a). The
oligodeoxynucleotide was hybridized to in vitro-labeled
RNA 9L, and the hybrid was subjected to treatment with
RNase H, an endonuclease which digests the RNA portion
of RNA-DNA hybrids. Two major bands corresponding to
RNA segments of about 183 and 120 nt were observed (Fig.
5a); a fainter band corresponding to an RNA segment of
about 177 nt was also seen. These results excluded a lariat
structure for RNA 9L in which the oligonucleotide is com-
plementary to the circular portion of the lariat (model 4 in
Fig. 4b) but could not distinguish among models 1, 2, and 3.
Primer extension experiments were then carried out with
the same oligodeoxynucleotide (number 1) labeled at its 5'
end with [y-32P]ATP (10), and unlabeled, electrophoretically
purified RNA 9L as a template. After electrophoresis of the
extended primer through a denaturing 15% polyacrylamide
gel, a major band representing a product whose 3' end
corresponds to the T or A at position 5580 or 5581, respec-
tively, was observed (Fig. 5b). This result ruled out model 2
in Fig. 4b for RNA 9L but did not exclude model 3. To rule
out model 3, we synthesized another oligodeoxynucleotide
(number 2), which is complementary to a 20-nt segment of
RNA 6 between positions 5884 and 5903 (2); this segment
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was expected to include the putative 3'-end-proximal 17 nt of
RNA 9L (if this RNA extended up to the 5' end of COI
mRNA) and the first 3 nt of COI mRNA (4, 13). This
oligonucleotide, labeled at its 5' end, was used as a primer in
a reverse trancriptase reaction with unlabeled RNA 9L as a
template. Figure 4b (models 5 and 6) shows the results
expected for a linear structure or a lariat structure, and Fig.
5c shows the results obtained. After electrophoresis of the
extended primer through a 5% polyacrylamide-7 M urea gel,
the longest extended primer observed had a size of -335 nt.
There appeared to be several major bands faster moving than
the 335-nt band. These presumably resulted from stops in the
reverse transcriptase progression caused by the high degree
of secondary structure of RNA 9L. These results appeared
to exclude conclusively a lariat structure for RNA 9L. They
also implied that RNA 9L extends on the 3' end to a position
which is probably less than 10 to 12 nt from the 5' end of COI
mRNA, if one assumes a minimum overlap of 5 to 7 nt
between RNA 9L and the oligodeoxynucleotide as being
necessary for priming.
In further experiments, a segment of human mtDNA
including the RNA 9L-coding sequence, plus -300 base
pairs upstream and -300 base pairs downstream, was cloned
in the pGEM-1 vector (Promega Biotec). After appropriate
cuts of the plasmid, transcripts of the insert were made in
vitro by using the SP6 or T7 promoter and the corresponding
RNA polymerase and were electrophoresed through a 5 or
10% polyacrylamide-7 M urea gel. It was found that any
transcript which corresponded to all or a major portion of the
RNA 9L region, independently of the coding strands. mi-
grated anomalously in the 10% denaturing gel (data not
shown). The RNA 9L sequence or its complementary se-
quence was, therefore, capable of conferring abnormal elec-
trophoretic properties on transcripts having extra sequences
at the 5' end or 3' end or both.
Conclusions. RNA 9L identified in this work most proba-
bly represents the excised leader of RNA 6. Previous evi-
dence has indicated that RNA 6 is a short-lived intermediate
(9). Si nuclease protection and primer extension experi-
ments localized the 5' end of RNA 9L to the T or A at
position 5580 or 5581. respectively, i.e., to positions imme-
diately adjacent to tRNATp (2).The position of the 3' end of
RNA 9L was, on the contrary, not determined precisely.
The size expected for an RNA derived from endonucleolytic
cleavage of RNA 6 immediately upstream of the 5' end of
COI mRNA is 321 nt (2) (Fig. 4a). The size estimated for in
vitro-labeled RNA 9L, which was mostly nonpolyadenylated
(-320 nt; Fig. 5a), and the results of the of the S1 nuclease
protection, RNase H digestion, and primer extension exper-
iments are compatible with RNA 9L being the complete
leader of COI mRNA. Further work, however, is needed to
determine the precise 3' end of RNA 9L.
The finding of an RNA species with ends mapping at the
positions indicated above provides some insights into the
mechanism of RNA processing in mammalian mitochondria.
The accumulation of RNA 9L itself indicates that the proc-
essing machinery does not recognize efficiently the anti-
tRNA sequences as processing signals. The 5' end of RNA
9L molecules appears to derive from cleavage of the
polycistronic H-strand transcript at the 3' end of H-strand-
encoded tRNATrP, and there is no evidence of cleavage at
the 5' end of anti-tRNAAla, situated 7 nt downstream.
Previously, it was shown that the mature polyadenylated
RNA 9 (COI mRNA) contains the anti-tRNASer sequence in
the 3'-untranslated region (2, 16), again indicating that, in
general, the sequences complementary to tRNAs are not
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FIG. 2. Electrophoretic patterns in 5% polyacrylamide-7 M urea
gels of RNA labeled in isolated mitochondria or in vivo in the
presence of 0.1 ,ug of actinomycin D per ml and fractionated on
oligo(dT)-cellUlose columns. T, Total RNA; U, oligo(dT)-cellulose-
unbound RNA, B, oligo(dT)-cellulose-bound RNA. In panel a, the
RNA in lane B was derived from 2.5 times the amount of
mitochondria as the RNA in lane U; in panel b. the RNA in lane B
was derived from 10 times the amount of cells as the RNA in lane U.
12S* is a 12S rRNA precursor (7).
recognized by the processing enzyme(s). However, it is clear
that at least one of the anti-tRNA sequences can act as a
processing signal: in fact, cleavage at the 5' end and,
possibly,. also at the 3' end of anti-tRNAGIu is required for
the formation of RNA 11 and RNA 5 (3. 13, 15). It seems
likely that the structures of the individual anti-tRNAs and
the surrounding sequences determine the efficiency of the
anti-tRNAs as signals for the mitochondrial processing en-
zymes.
The evidence discussed above has clearly indicated a
linear structure for RNA 9L, implying that the anomalous
electrophoretic behavior of RNA 9L is due to its capacity to
form an unusually stable secondary structure. which im-
pedes its progress through a 10% polyacrylamide-7 M urea
gel. The most stable potential secondary structure of the
molecule, as determined by the Nussinov-Jacobson algo-
rithm (14), has a long, central, base-paired segment with a
terminal loop and some interstitial loops, as well as several
other stem and loop structures; one of the latter is the
evolutionarily conserved stem and loop structure which
contains the origin of L-strand synthesis (19). With due
caution concerning a possible extrapolation to the in vivo
situation, it is interesting that the above configuration does
not exhibit any cloverleaf structure. To our knowledge, this
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FIG. 3. Bidimensional polyacrylamide gel electrophoresis of mitochondrial RNA labeled in isolated organelles or in vivo. (a) Two samples
of total RNA labeled in isolated mitochondria were run in a 5% polyacrylamide-7 M urea gel. A strip containing one of the lanes was placed
over a 10% polyacrylamide-7 M urea gel and electrophoresed in the second dimension; a sample of the same RNA preparation was run in
paraliel. In the autoradiogram, the second lane of the first electrophoresis is shown at the top. (b) Samples of oligo(dT)-cellulose-bound (panels
1 and 2) or -unbound (panels 3 and 4) RNA labeled in vivo (panels 1 and 3) or in isolated organelles (panels 2 and 4) were subjected to
bidimensional electrophoresis as described for panel a. The sample in panel 1 contained RNA derived from 10 times the amount of cells as
the sample in panel 3, while the samples in panels 2 and 4 contained equivalent amounts of RNA. The arrows point to RNA 9L.
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FIG. 4. Scheme of the rationale of the experiments carried out to determine the structure of RNA 9L. (a) Partial sequence of the coding
DNA sequence (sense strand) for RNA 9L and sequences of synthetic oligodeoxynucleotides number 1 and number 2 used in the RNase H
and primer extension experiments. (b) Diagrammatic representation of the possible structures of RNA 9L and of the corresponding predicted
results in the RNase H and primer extension experiments. See the text for details.
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FIG. 5. Results of the RNase H and primer extension experiments. (a) RNA 9L labeled in isolated organelles and purified by
electrophoresis in a 5% and then in a 10% polyacrylamide-7 M urea gel was hybridized with synthetic oligodeoxynucleotide number 1 (Fig.
4a), digested (+) or not digested (-) with RNase H, and electrophoresed through a 5c polyacrylamide-7 M urea gel. M1, 3'-end-labeled
HpaII digest of HeLa cell mtDNA. (b) Unlabeled RNA 9L purified as described above and hybridized with 5'-end-labeled
oligodeoxynucleotide number 1 (Fig. 4a) was used as a template for primer extension with avian myeloblastosis virus reverse transcriptase
and unlabeled deoxynucleoside triphosphates. The size of the product obtained (E.P.1 [extended primer 1]) is compared with the sequence
ladder produced by primer extension reactions carried out with the same unlabeled oligodeoxynucleotide as a primer, a single-stranded M13
clone (mp8.HE2) containing the L strand of the mtDNA segment between positions 5274 and 6203 as a template, the Klenow fragment of
Escherichia coli DNA polymerase I, [c-32P]dCTP, and the three other unlabeled deoxynucleoside triphosphates in the presence of one of the
four dideoxvnucleotides. A, C, G. and T, Reactions carried out in the presence of the dideoxy derivatives of T, G. C. and A, respectively.
The bases indicated at the tops of the lanes and the nucleotide sequence pertain to the sense strand. (c) Unlabeled RNA 9L hybridized with
5'-end-labeled oligodeoxynucleotide number 2 (Fig. 4a) was used as a template for primer extension with avian myeloblastosis virus reverse
transcriptase and unlabeled deoxynucleoside triphosphates. E.P.2. Extended primer 2: M2, 3 -end-labeled Hinifl digest of pBR322 DNA; P,
primer.
is the first time that an unusual electrophoretic behavior in
denaturing gels of a linear RNA molecule due to secondary
structure has been reported.
On the basis of (i) the extent of in vivo labeling of the
polyadenylated form of this RNA relative to polyadenylated
RNA 17 after a 4-h exposure of the cells to 32p,, (ii) the
steady-state amount of RNA 17 (3). and (iii) the similarity of
the in vivo rates of synthesis of RNA 6 and RNA 17 (3), one
can estimate a steady-state amount of polyadenylated RNA
9L of 100 to 200 molecules per cell. The majority of RNA 9L
is in the polyadenylated form in vivo. an observation which
may reflect a need for stabilization of this RNA against
degradation. However. one cannot exclude the fact that
polyadenylation is a required step associated with the proc-
essing of the total H-strand polycistronic transcripts (12). On
the basis of the rate of synthesis and the estimated steady-
state amount of RNA 9L, one can calculate a half-life for this
RNA species of 15 to 30 min, shorter than that observed for
the mRNAs (averaging about 60 min) but considerably
longer than that of the large L-strand transcripts (3, 9).
Further work is required to determine whether this RNA
species has any role in regulating the initiation of L-strand
synthesis, a possibility suggested by its mapping position
and its in vivo accumulation in mitochondria.
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